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ABSTRACT
We study the radial evolution of intermittency of density fluctuations in the
fast solar wind. The study is performed analyzing the plasma density mea-
surements provided by Helios 2 in the inner heliosphere between 0.3 and 0.9
AU. The analysis is carried out by means of a complete set of diagnostic tools,
including the flatness factor at different time scales to estimate intermittency,
the Kolmogorov-Smirnov test to estimate the degree of intermittency, and the
Fourier transform to estimate the power spectral densities of these fluctuations.
Density fluctuations within fast wind are rather intermittent and their level of
intermittency, together with the amplitude of intermittent events, decreases with
distance from the Sun, at odds with intermittency of both magnetic field and all
the other plasma parameters. Furthermore, the intermittent events are strongly
correlated, exhibiting temporal clustering. This indicates that the mechanism
underlying their generation departs from a time-varying Poisson process. A re-
markable, qualitative similarity with the behavior of plasma density fluctuations
obtained from a numerical study of the nonlinear evolution of parametric insta-
bility in the solar wind supports the idea that this mechanism has an important
role in governing density fluctuations in the inner heliosphere.
Subject headings: interplanetary medium—magnetohydrodynamics (MHD)—methods:
data analysis—solar wind—waves
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1. Introduction
Solar wind fluctuations have been long
considered as a natural realization of
plasma turbulence (see Bruno & Carbone
2013, and references therein). However,
one of the fundamental hypotheses of
the Kolmogorov’s turbulence theory K41
(Kolmogorov 1941), i.e. the global scale
invariance or self-similarity of the fluctu-
ations, is not generally observed in space
plasmas (e.g. Burlaga 1991; Marsch & Liu
1993; Carbone et al. 1995; Bruno et al.
2003). The lack of an universal scale invari-
ance, successively considered in Kolmogorov-
Obukhov theory (Obukhov 1962), implies
that the velocity increments measured
along the flow direction ~x at the scale
r = |~r|, δvpr = 〈|
~V (~x+~r)− ~V (~x)|p〉, scale as
rsp, i.e. δvpr ∼ r
sp, with the scaling expo-
nent sp nonlinearly departing from the sim-
ple relation sp = p/3, which would indicate
self-similarity. The lack of self-similarity
affects the shape of the Probability Den-
sity Functions (PDFs, hereafter) of the
velocity increments δvpr . Going from larger
to smaller scales, PDFs increasingly devi-
ate from a Gaussian distribution showing
fatter and fatter tails. Hence, the largest
events populating the PDFs tails at the
smallest scales have a larger probability to
occur with respect to the Gaussian statis-
tics. The increasing divergence from Gaus-
sianity, as smaller and smaller scales are
involved, is the typical signature of inter-
mittency (Frisch 1995).
Early investigations of intermittency in
the inner heliosphere (e.g. Marsch & Liu
1993; Bruno et al. 2003) pointed out the
different degree of intermittency of slow
and fast wind, as well as of directional
and compressive fluctuations, and the evo-
lution of intermittency with the radial dis-
tance from the Sun. In particular, mag-
netic field fluctuations are more intermit-
tent than velocity fluctuations and com-
pressive fluctuations are more intermittent
than directional fluctuations. Moreover,
while intermittency in the slow solar wind
does not show any radial dependence, both
compressive and directional fluctuations in
the fast solar wind become more intermit-
tent with increasing distance.
Bruno et al. (2003) interpreted these
general scaling properties as a compet-
ing action between coherent (say intermit-
tent) structures advected by the wind and
stochastic (say non-intermittent) propa-
gating Alfve´nic fluctuations. During the
wind expansion, propagating Alfve´nic fluc-
tuations undergo a turbulent evolution,
which would reduce their Alfve´nic char-
acter. In addition, their amplitude would
be reduced faster than that of coherent
structures, passively advected by the wind.
In this way, the stochastic component of
turbulence would progressively reduce its
importance in the overall power budget of
solar wind fluctuations. Thus, the net re-
sult would be a decrement of Alfve´nicity
and an increment of intermittency.
Furthermore, the question about where
these coherent structures originate is still
open. These structures could be generated
either in the solar atmosphere and subse-
quently advected by the solar wind into
the interplanetary medium or locally in the
wind by the nonlinear evolution of tur-
bulence (Bruno et al. 2001; Chang et al.
2004; Borovsky 2008).
Considerable efforts have been devoted
to investigate the features and the behav-
ior of magnetic field and plasma veloc-
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ity fluctuations intermittency in the in-
ner heliosphere (see Tu & Marsch 1995;
Bruno & Carbone 2013, for two exhaus-
tive reviews on this topic). However, less
attention has been paid to the study of
the radial evolution of the scaling prop-
erties of the interplanetary proton density
fluctuations, although we have to acknowl-
edge a careful analysis of these fluctua-
tions at 1 AU performed by Hnat et al.
(2003, 2005). These authors adopted ex-
tended self similarity to reveal scaling in
structure functions of density fluctuations
in the solar wind and performed a compari-
son with scaling found in the inertial range
of passive scalars in other turbulent sys-
tems. They showed that solar wind plasma
density does not follow the scaling of a pas-
sive scalar. This result casted some doubts
about the incompressible character of solar
wind turbulence, which would follow from
the continuity equation and the assump-
tion of incompressibility ∇ · v = 0. The
same authors pointed out that these results
could also be due to the fact that direct
comparison with structure functions of a
passive scalar does not adequately capture
the real inertial range properties of solar
wind.
In addition, a distinguishing feature of
density fluctuations is the flattening shown
by the spectral density at high frequen-
cies, particularly evident within fast wind
but not observed within slow wind. This
flattening, observed also in magnetic in-
tensity and proton temperature spectra,
assumes remarkable evidence in proton
density spectra, especially for observations
performed closer to the Sun (Marsch & Tu
1990).
The same flattening was clearly ob-
served also in the spectrum of inward
Alfve´nic modes by Grappin et al. (1990).
These authors suggested that the observed
spectra could be due to non-local inter-
action in k-space of large-scale outward
and small-scale inward Alfve´nic modes.
Grappin et al. (1990) showed that a con-
siderable amount of energy in large-scale
fluctuations can be transported to small-
scale fluctuations by nonlinear and non-
local interactions in k-space, provided that
large-scale and small-scale fluctuations
have an opposite sense of propagation.
A different mechanism was suggested
by Tu et al. (1989) who firstly hypothe-
sized that the spectral flattening observed
in the fluctuations of inward modes and
other solar wind parameters, within fast
wind in the inner heliosphere, could be
caused by some parametric decay processes
experienced by large amplitude Alfve´nic
modes with an outward sense of propa-
gation (see also Matteini 2012, and refer-
ences therein). The same mechanism was
tested by Malara et al. (2001) to explain,
at least qualitatively, the radial behavior
of the power associated to inward and out-
ward Alfve´nic modes and the radial behav-
ior of the flatness of magnetic field and ve-
locity fluctuations (Primavera et al. 2003).
These authors found out that this mecha-
nism, although capable of decreasing the
alignment between magnetic and velocity
fluctuations, reaches a saturation level be-
yond which it is no longer efficient, leaving
the cross-helicity value of the fluctuations
unchanged as time passes.
In this paper we investigate the radial
dependence of intermittency of density
fluctuations observed by Helios 2 between
0.3 and 0.9 AU and the effect that inter-
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mittency has on the spectral index of these
fluctuations. The intermittent character
of the fluctuations is firstly detected using
the flatness factor, which is a good proxy
of intermittency (Frisch 1995), and suc-
cessively quantified via the Kolmogorov-
Smirnov test. Then we compare our re-
sults with plasma density intermittency
inferred from a compressible simulation
based on the parametric decay mechanism
(Primavera et al. 2003), which might be
related to the spectral features cited above,
as suggested by Tu et al. (1989).
2. Data selection and analysis
The analysis is performed using 81 s
proton number density measurements recorded
in the inner heliosphere by Helios 2 dur-
ing its first solar mission in 1976. During
this phase of solar cycle 21 the configura-
tion of the polar coronal holes was remark-
ably stable and their meridional extensions
reached very low latitudes (Bruno et al.
1982; Villante & Bruno 1982). This al-
lowed the Helios 2 spacecraft to sample fast
coronal wind in the ecliptic during three
successive solar rotations (Bruno et al.
1985) at 0.3, 0.7, and 0.9 AU, respectively.
The Helios 2 in-situ measurements repre-
sent a unique dataset since these are the
only measurements of the solar wind close
to the Sun. This is particularly important
since at 0.3 AU, Helios 2 was observing he-
liospheric plasma not yet fully reprocessed
by dynamical stream-stream interactions,
and thus still carrying some of the pristine
coronal imprints of the source region.
The three high-speed streams, named
“A”, “B”, and “C”, respectively, can be
identified by different colors (red, green,
and blue, respectively) and vertical dashed
lines in Figure 1, which displays, from top
to bottom, the time profiles of the so-
lar wind speed (Figure 1a) and of the
plasma proton density (Figure 1b), and
the spacecraft heliocentric distance (Fig-
ure 1c), for the whole Helios 2 primary
mission to the Sun.
The beginning and the end of each se-
lected temporal interval, lasting about 2
days each, its duration ∆t, the average
heliocentric distance 〈r〉, wind speed 〈V 〉,
and proton density 〈np〉 are listed in Table
1.
These three fast wind streams are no-
torious for being dominated by Alfve´nic
fluctuations and have been extensively
studied since they offer the unique oppor-
tunity to observe the radial evolution of
MHD turbulence within the inner helio-
sphere (see Bruno & Carbone 2013, and
references therein). As anticipated in the
previous section, these streams have been
considered for studying the radial evolu-
tion of the intermittency of proton number
density fluctuations.
The PDFs of a fluctuating field affected
by intermittency become more and more
peaked when analyzing smaller and smaller
scales (Frisch 1995). Since the peakedness
of a distribution is measured by its flatness
factor F we examined the behavior of this
parameter at different scales to unravel the
presence of intermittency in our time se-
ries. It can be assumed that fluctuations
are more intermittent as either F increases
faster with changing scales or starts to in-
crease at larger scales.
The flatness factor F at the scale τ is
defined as
4
Fig. 1.— Time profiles of the solar wind speed (a) and of the plasma proton density (b),
and heliocentric distance of the spacecraft (c), for the whole Helios 2 primary mission to
the Sun; vertical dashed lines, colors red, green, and blue, and letters “A”, “B”, and “C”
identify the same high-speed stream observed at three different heliocentric distances in the
ecliptic plane, during three successive solar rotations.
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Time interval ∆t 〈r〉 〈V 〉 〈np〉
YYYY MM DD, hh:mm [h] [AU] [kms−1] [cm−3]
1976 02 18, 19:40 - 1976 02 20, 02:22 31 0.88 644 3.7
1976 03 15, 12:01 - 1976 03 17, 10:04 46 0.65 630 6.4
1976 04 14, 12:01 - 1976 04 16, 10:04 46 0.29 735 30.5
Table 1: Beginning, end, and duration of the selected temporal intervals, average heliocentric
distance, wind speed, and proton density, referring to the same high-speed stream observed
at three different heliocentric distances in the ecliptic plane, during three successive solar
rotations.
F(τ) =
〈δρ4τ 〉
〈δρ2τ 〉
2
, (1)
where δρτ = ρ(t+ τ)− ρ(t) are the den-
sity fluctuations at the scale τ , and the
brackets indicate an averaging done over
the time interval considered.
The values of the flatness factor F of
the density fluctuations observed in the
fast solar wind at 0.3, 0.7, and 0.9 AU,
as computed by using Eq. 1, are shown
in Figure 2d as a function of time scale
τ ; the time profiles of the proton density
measured by Helios 2 at the three differ-
ent heliocentric distances are displayed
in Figures 2a,b,c.
The flatness factor F for each data sam-
ple grows moving from larger to smaller
scales, unraveling the intermittent char-
acter of the fluctuations. However, since
at 0.3 AU the flatness starts to increase
at larger scales and grows more rapidly,
reaching higher values at small scales (blue
curve in Figure 2d), density fluctuations
at 0.3 AU can be considered more intermit-
tent than those at 0.7 and 0.9 AU. More-
over, the density fluctuations at 0.7 and 0.9
AU exhibit approximately the same level
of intermittency, since the corresponding
F curves overlap to each other along the
whole range of scales, within the associ-
ated uncertainties (green and red curves,
respectively, in Figure 2d). Thus, at
least in the transition from 0.3 to 0.7
AU, there is a clear evidence for a ra-
dial depletion of intermittency. This re-
sult, confirmed by Helios 1 observations
in 1975 and not shown in this paper, are
at odds with the intermittent behavior
of all the other field and plasma param-
eters, which become more intermittent
when the heliocentric distance increases in
the inner heliosphere (Tu & Marsch 1995;
Bruno & Carbone 2013).
In order to show how the intermittency
affects the shape of the distributions of
density fluctuations and, as a consequence
the corresponding flatness, the PDFs of
proton density increments ∆ρ normalized
to the standard deviation σρ, obtained at
0.3 AU and at three different scales, are
displayed in Figure 3 where they are also
compared with a normal distribution.
As smaller and smaller scales are in-
volved, going from the larger scale τ =
2.88 h (red dotted curve in Figure 3) to
the intermediate scale τ = 0.36 h (green
dashed curve in Figure 3) and, finally to
6
Fig. 2.— Time profiles of the proton density measured by Helios 2 at 0.3 (a), 0.7 (b), and
0.9 (c) AU, within the same corotating high-speed stream; data gaps are removed by linear
interpolation. (d) Flatness factor F as a function of time scale τ , relative to fluctuations
of the plasma density observed in fast wind, at 0.3, 0.7, and 0.9 AU (blue, green, and red
curves, respectively).
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Fig. 3.— Probability distribution functions of proton density increments normalized to the
standard deviation ∆ρ/σρ, obtained at 0.3 AU, at the scales τ = 0.02 h (blue continuous
curve), τ = 0.36 h (green dashed curve), and τ = 2.88 h (red dotted curve); the corresponding
flatness factors are reported in the legend; a Gaussian distribution function with average
µ = 0 and standard deviation σ = 1 is displayed for reference (black curve).
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the smallest one τ = 0.02 h (blue continu-
ous curve in Figure 3), the PDFs progres-
sively deviate from a Gaussian distribution
(black curve in Figure 3), becoming more
and more peaked. This is reflected into an
increase of the flatness factor from F(τ =
2.88 h) = 3.4 (close to the value of a nor-
mal distribution) to F(τ = 2.88 h) = 7.0.
The study of F gives only a partial
description of the intermittency behavior
and might also be not particularly sensi-
tive to distinguishing small differences in
the degree of intermittency, especially for
data sample collected at heliocentric dis-
tances close to each other, as for the pro-
ton density measured at 0.7 and 0.9 AU,
whose intermittency might not have had
sufficient time to evolve significantly. In
order to quantify the degree of intermit-
tency present in our selected intervals we
performed the Kolmogorov-Smirnov (K-
S, hereafter) test which allows us to in-
vestigate the statistics of persistence be-
tween intermittent events and to charac-
terize their temporal clustering.
However, before proceeding with the K-
S test we adopted the Local Intermittent
Measure (LIM, hereafter) technique to lo-
calize intermittent events in scale and time.
2.1. The Local Intermittency Mea-
sure
This method, firstly introduced by
Farge (1992), relays on a wavelet decompo-
sition of the signal. The wavelet analysis is
indeed a powerful tool for capturing peaks,
discontinuities, and sharp variations in the
input data. The LIM at the scale of inter-
est τ is defined as (Farge 1992)
LIM(τ, t) =
ω(τ, t)2
〈|ω(τ, t)|2〉 t
, (2)
where ω(τ, t) are the coefficients of the
wavelet transform. The expression in Eq.
2 hence represents the energy content of
the density fluctuations at the scale τ and
time t normalized to the average value of
the energy at the same scale over the whole
data sample. This average value corre-
sponds to the estimate that one would ob-
tain at that scale from a Fourier spectrum.
Then, LIM(τ, t) > 1 indicates that a given
scale at a given time contributes more than
the average over the entire data sample to
the Fourier spectrum at scale τ . However,
a more direct indicator of intermittency is
represented by LIM2 averaged on the whole
time interval, which defines the flatness Fw
of the wavelet coefficients (Meneveau 1991)
for each scale τ .
This method, used to identify intermit-
tent events, is based upon a recursive pro-
cedure (Bianchini et al. 1999). For each
scale τ we compute the value of Fw. If this
value is > 3 we eliminate 3% of the outliers
from the distribution of the wavelet coeffi-
cients at that scale, reconstruct the signal
and recompute Fw. If Fw is still > 3 we
eliminate again 3% of the outliers and pro-
ceed recursively, as in the previous cycle,
until Fw does not change any longer. Col-
lecting all the intermittent events, i.e. the
outliers, allows us to build their time series
and investigate their Waiting Time Distri-
butions (WTDs, hereafter) via the K-S test
described below.
2.2. The Kolmogorov-Smirnov test
This method allows us to quantify the
degree of correlation of the density fluctu-
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ations or, in other words, their level of in-
termittency. The K-S test is indeed a non-
parametric and distribution-free test used
to compare a data sample with a refer-
ence probability distribution, by quantify-
ing the maximum distance D between the
empirical and the reference distribution
function. In the analysis of the time distri-
bution of the intermittent events, we tested
whether or not the sequence of residuals
was consistent with a time-varying Pois-
son process (Bi et al. 1989; Carbone et al.
2004, 2006).
Starting from the sequence of time in-
tervals between two successive residuals δt
(waiting time sequence) as a function of
the intermittent event occurrence time t,
the stochastic variable h can be defined as:
hi(δti, δτi) =
2δti
2δti + δτi
, (3)
where δti and δτi are the waiting times
between an intermittent event at ti and the
two (either following or preceding) nearest
outliers:
δti = min {ti+1 − ti, ti − ti−1} (4)
δτi =
{
ti−1 − ti−2 if δti = ti − ti−1
ti+2 − ti+1 if δti = ti+1 − ti
(5)
The stochastic variable h hence sim-
ply represents the suitably normalized time
between intermittent events. Under the
null hypothesis that the data sample is
drawn from the Poisson reference distri-
bution, that is in the hypothesis that δti
and δτi are independently distributed with
exponential probability densities given by
p(δti) = 2νi exp(−2νiδti) and p(δτi) =
νi exp(−νiδτi), where νi is the instant event
rate, it can be easily shown that the Cumu-
lative Distribution Function (CDF, here-
after) of h, P (h < H), is simply P (h <
H) = H , where P (h) is the probability dis-
tribution function of h. Hence, if the Pois-
son hypothesis holds, the stochastic vari-
able h is uniformly distributed in [0 : 1].
The maximum deviation D of the empiri-
cal CDF of the outliers from the reference
relation P (h < H) = H , quantifies the de-
gree of departure of the intermittent events
from the Poissonian, i.e. non-intermittent,
statistics.
2.3. The Waiting Time Distribution
of intermittent events
The intermittent events identified by
the LIM technique are shown in Figures
4a,b,c, while Figures 4ghi and Figure 5
show the WTDs and the results of the K-S
test, respectively.
The colored time profiles in Figures
4a,b,c show the original proton density
data recorded by Helios 2 within fast wind
at 0.3, 0.7, and 0.9 AU. The superimposed
black curves represent the LIMed data, i.e.
the same time series after the intermittent
events have been filtered out via the LIM
technique: the residuals, shown below in
Figures 4def as the difference between
the two curves, are mainly made of most
of the peaks of the original data.
The WTDs (Figures 4g,h,i) between
two subsequent outliers have been tested
for consistency with Poisson statistics. Un-
der the Poisson hypothesis, the delay time
∆t between two consecutive intermittent
events should be distributed according to
the following function:
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Fig. 4.— Time profiles of the original data collected by Helios 2 (data gaps were linearly
interpolated) at 0.3 (a), 0.7 (b), and 0.9 AU (c), with superimposed the trace of the
LIMed signal (colored and black curves, respectively). Intermittent component obtained
from the difference between the original and the LIMed data, at 0.3 (d), 0.7 (e), and
0.9 AU (f). Waiting time distributions between two consecutive intermittent events as a
function of time scale τ , as identified at 0.3 (g), 0.7 (h), and 0.9 AU (i); the theoretical
distribution function expected under a Poisson statistics is also shown (dashed lines). Colors
are the same adopted for Figures 1 and 2.
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n(∆t) = Noutνout exp(−∆t · νout), (6)
where Nout is the number of outliers, say
intermittent events, identified via LIM in
the original data and νout is the occurrence
rate of the outliers computed as the total
number of outliers divided by the time du-
ration of the interval. In particular, νout
resulted to be 5.2 h−1, 2.9 h−1, and 1.9 h−1
at 0.3, 0.7, and 0.9 AU, respectively, show-
ing a clear decreasing trend with increasing
the distance from the Sun (Figure 5b).
It is readily seen that the WTD of the
intermittent events identified in the den-
sity fluctuations at 0.3 AU is systemat-
ically smaller than the theoretical distri-
bution function expected under a Poisson
statistics, indicating that the events are
not stochastically distributed and that cor-
related clusters are present in the time se-
quence of the outliers. On the other hand,
due to the lower statistics of the intermit-
tent events at 0.7 and 0.9 AU, it is not clear
whether or not the WTDs of the residuals
are consistent with a time-varying Poisson
process. As we will see in the following, the
K-S test provides a quantitative descrip-
tion of clustering properties of the inter-
mittent events allowing us to quantify the
degree of intermittency.
The CDF P (h < H) of the normalized
time h between the intermittent events
identified at 0.3, 0.7, and 0.9 AU are shown
in Figure 5a where they are compared
with the theoretical Poisson probability
function (dotted lines). All of these cu-
mulative distribution functions P (h < H)
strongly depart from the Poisson theoret-
ical distribution P (h < H) = H , being
below it for H < 1/2. These observa-
tional evidences represent unambiguous in-
dications of temporal clustering of the in-
termittent events. The clusters in the out-
lier sequences are evident also looking at
the corresponding time profiles (Figures
4a,b,c). The maximum distance D be-
tween the empirical and the reference dis-
tributions is shown, as a function of helio-
centric distance, in Figure 5c. The low
values of the significance level of the K-S
test (displayed as a function of the helio-
centric distance in Figure 5d) highlight
and quantify the presence of correlations
among the intermittent events, which lead
to their clustering, and suggest that these
correlations are stronger closer to the Sun.
In other words, the departure from the
Poisson statistics, i.e. the probability that
the intermittent events are not dominated
by a Poisson process, becomes stronger and
stronger with decreasing the heliocentric
distance from 0.9 to 0.3 AU with the lowest
value (P ∼ 0%) registered at 0.3 AU.
2.4. The spectral analysis
We evaluated the effect of intermit-
tency of the density fluctuations on the
Power Spectral Density (PSD, hereafter)
of these fluctuations. Figures 6a,b show
the PSD of the fluctuations of the original
and LIMed proton density time series ac-
quired in the fast solar wind at 0.3, 0.7,
and 0.9 AU.
The spectral analysis of the original He-
lios 2 data at the three different heliocen-
tric distances (Figure 6a) reveals the ex-
istence of large-scale fluctuations of the
proton density in the fast solar wind, over
time scales ranging from ∼ 1 to ∼ 10 h,
where they exhibit approximately the same
low-frequency spectral scaling close to the
12
Fig. 5.— (a) Cumulative distribution functions P (h < H) of the normalized time h be-
tween intermittent events identified at 0.3, 0.7, and 0.9 AU (blue, green, and red curves,
respectively); the dotted line represents the theoretical probability expected under a Poisson
statistics; the vertical lines indicate where the CDFs mostly deviate from it (the three differ-
ent colors refer to the different heliocentric distances as reported in the legend). Occurrence
rate ν of the intermittent events (b), maximum deviation D, deduced (a), between the
empirical and the reference (say Poisson) CDFs (c), and significance level P of the K-S test
(d), as functions of the heliocentric distance; colors are the same used for (a).
Fig. 6.— Power spectral density vs frequency relative to fluctuations of the original (a)
and LIMed (b) density time series observed in the fast solar wind at 0.3, 0.7, and 0.9 AU;
thick solid lines show the fα slopes as inferred by the fitting functions; the spectral slopes
α relative to the three different heliocentric distances are reported in the legend; the error
bars indicate a confidence level of 95%. Colors are the same used for Figures 1, 2, and 4.
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1/f 2 Brownian noise. The occurrence of
1/f 2 noise (widely observed in the in-
terplanetary medium, Sari & Ness 1969;
Coles & Harmon 1978; Burlaga & Mish
1987; Roberts & Goldstein 1987) is indica-
tive of the presence of uncorrelated dis-
continuities, likely generated by stochas-
tic processes close to a Brownian noise.
Structures of this kind could arise from
shocks, compressive modes or inhomo-
geneities embedded in the solar wind, such
as current sheets like tangential disconti-
nuities separating adjacent regions charac-
terized by different total pressure and den-
sity (Bruno & Carbone 2013). The char-
acteristics of density fluctuations within
fast wind at low frequencies are main-
tained in the transition from 0.3 out to
0.9 AU. In contrast, a quick dynamical
evolution of the density fluctuations is ob-
served at higher frequencies during the
wind expansion. Indeed, for frequencies
larger than ∼ 3 × 10−4 Hz, i.e. for time
scales smaller than ∼ 1 h, the spectra of
the original data flattens out to remark-
able low values of the spectral slope. How-
ever, this part of the spectrum becomes
steeper and steeper moving away from the
Sun. The spectral slopes, as inferred by
a fα fit in this high frequency range (by
applying the Levenberg-Marquardt least-
squares minimization method with a con-
fidence level of 95%) are α = −0.31±0.02,
α = −0.60 ± 0.03, and α = −0.96 ± 0.03
at 0.3, 0.7, and 0.9 AU, respectively.
The flattening of these spectra starts
roughly at the same scales where the flat-
ness factor F starts to increase and both
the spectral slope and the flatness factor
F depend on the radial distance from the
Sun. Thus, we computed the PSDs of the
LIMed time series, which are shown in Fig-
ure 6b. The comparison with the spectra
shown in Figure 6a unravels that most of
the flattening was due to the intermittent
events and that the radial dependence is
much reduced. The spectral slopes within
the high frequency range are all roughly
around −1, which indicate that the time
series is statistically uncorrelated, in agree-
ment with the expected results from the
LIM technique operated on the original
data. In addition, the largest correction
was experienced by the time series that was
the most intermittent, i.e. the one at 0.3
AU.
These results suggest that intermittent
events might be the result of some mech-
anism whose efficiency decreases with in-
creasing the heliocentric distance. Tu et al.
(1989) firstly suggested that the flattening
observed in the high frequency termination
of proton number density PSDs observed
by Helios were probably due to parametric
decay instability experienced by large am-
plitude Alfve´n waves, particularly active
within high speed streams (Tu & Marsch
1995; Bavassano et al. 2000; Primavera et al.
2003; Bruno & Carbone 2013).
Inward propagating Alfve´nic modes,
necessary to start the nonlinear interac-
tions with the outward propagating coun-
terpart, would be generated locally by the
parametric decay of outward modes, which
are unstable to density perturbations and
would indeed decay into a backscattered
Alfve´n waves with lower amplitude and fre-
quency (which would produce a decrease
of the initial Alfve´nic correlation of the
fluctuations) and into an acoustic wave
propagating in the same direction of the
mother wave. This last compressive com-
15
ponent would enhance the density spec-
tra at high frequency, as observed in Fig-
ure 6a. However, the amplitude of the
outward propagating Alfve´n waves, which
initially dominate the fast solar wind, be-
comes weaker and weaker with increasing
distance from the Sun. Hence, the para-
metric instability is expected to become
less and less efficient during the nonlin-
ear evolution from 0.3 out to 0.9 AU, un-
til it reaches a saturation state. It turns
out that both the number of intermittent
events generated per unit time via para-
metric instability and, in turn, the level of
intermittency of the density fluctuations
is expected to reduce throughout the in-
ner heliosphere, as observed in Figures 4,
5, and 6. Hence, the parametric instabil-
ity might account for the observed radial
evolution of intermittency found in density
fluctuations within the fast solar wind.
2.5. Numerical Simulations
As a further check we can compare,
at least qualitatively, the intermittent
character of the observed density fluctu-
ations with intermittency found in para-
metric decay simulations performed by
Primavera et al. (2003), but not reported
in their original paper.
These authors used a pseudo-spectral,
one dimensional, compressible MHD code
to simulate the evolution of an Alfve´n
wave with an extended spectrum in a uni-
form background magnetic field B0. The
boundary conditions are periodicity on
the spatial domain 0 ≤ x < 2π, where
x is a dimensionless spatial coordinate,
normalized to a length L, which could
represent the correlation length in turbu-
lence. In the initial condition the pertur-
bations transverse to B0 of the magnetic
field, δB⊥, and velocity, δv⊥, are corre-
lated as in a forward-propagating Alfve´n
wave: δv⊥ = −(cA0/B0)δB⊥, where cA0
is the uniform background Alfve´n veloc-
ity. Moreover, δv⊥ and δB⊥ have a uni-
form modulus, while they change direction
along the spatial domain:
δB⊥(x, t = 0) = B1{cos[φ(x)]ey+sin[φ(x)]ez},
(7)
where B1 = B0/2 is the wave amplitude,
ey and ez are two unit vectors perpendic-
ular to the propagation direction x, and
the phase φ(x) is a periodic function with
a given spectrum; as a consequence, both
v⊥ and B⊥ have a spectrum of wavelengths
covering several Fourier harmonics. This
perturbation is an exact solution of the
ideal MHD equations, i.e. when neglect-
ing dissipation it propagates undistorted
along B0 at the constant Alfve´n speed cA0.
However, this solution is unstable with re-
spect to the generation of both a backward-
propagating Alfve´nic perturbation and a
compressive perturbation (Malara & Velli
1996). This instability represents the ex-
tension of the single-wavelength paramet-
ric instability (Goldstein 1978) to a multi-
wavelength configuration. In the simu-
lation the parametric instability is trig-
gered by adding a low amplitude noise to
the initial Alfve´nic perturbation, and the
evolution is followed throughout the lin-
ear stage of the instability and after the
saturation. Values of plasma β ∼ 1 are
used, which are close to the observed val-
ues (Tu & Marsch 1995). The results show
that the initial alignment between δB⊥
and δv⊥ is progressively destroyed till en-
ergy of the forward and backward propa-
16
gating Alfve´n waves become comparable,
while the amplitude of density perturba-
tion grows to a level δρ ∼ 0.03ρ0, where
ρ0 is the background density. This cor-
responds to the instability saturation. At
that time velocity, magnetic field and den-
sity have developed extended power-law
spectra. At subsequent times, velocity and
magnetic field fluctuations became more
intermittent with increasing time, show-
ing qualitative analogy with observations
by Bruno et al. (2003) recorded at differ-
ent heliocentric distances.
In the present paper we examined the
behavior of the flatness factor F of den-
sity fluctuations obtained from the above-
described simulation, which has been car-
ried out for times longer than those consid-
ered in Primavera et al. (2003). Of course,
in this case F is to be considered a func-
tion of the spatial scale ℓ instead of the
time interval τ . In Figure 7 F is plotted
as a function of ℓ.
The seven different curves refer to as
many successive times (the unit time is the
Alfve´n time, namely the time it takes an
Alfve´n fluctuation to cross the simulation
domain) during the simulation. At the in-
stability saturation F has a value close to
2 throughout the whole range of scales. At
that time fluctuations have still a coher-
ent character due to the wave interaction
that has governed the parametric instabil-
ity, so that the turbulence is not yet fully
developed. At a subsequent time (t ∼ 270)
in the small scale range ℓ ≤ 0.1 the pro-
file of F strongly increases with decreas-
ing the scale ℓ, while F fluctuates around
the value 3 at large scales, ℓ ≥ 0.1. Af-
ter that time, F starts to decrease in the
small scale range, while keeping the same
value at large scales. This behavior is qual-
itatively similar to our observations if we
base this comparison on the equivalence
between time in the simulation and radial
distance in the in-situ observations.
3. Conclusions
In this article we analyzed the proton
density measurements collected by Helios
2 within the same corotating high-speed
stream observed at 0.3, 0.7, and 0.9 AU,
aiming to investigate the radial evolution
of intermittency in fast solar wind turbu-
lence.
The evaluation of the flatness factor,
the wavelet-based identification of inter-
mittent events and the quantitative de-
scription of their temporal clustering (indi-
cating presence of strong correlations) have
shown evidence that density intermittency
decreases with heliocentric distance. This
behavior is opposite to the typical evolu-
tion of other solar wind plasma and mag-
netic field parameters, for which intermit-
tency increases with radial distance. In
the range of scales where intermittency is
stronger, density spectra show a remark-
able flattening, which decreases moving
away from the Sun. The removal of the in-
termittent events from the time series dra-
matically reduces such spectral flattening,
canceling de facto its radial dependence.
The decrease of density intermittency
with heliocentric distance and the spectral
properties are in agreement with the re-
sults of pseudo-spectral, one dimensional,
MHD numerical simulation of the propa-
gation of an extended turbulent spectrum
of Alfve´n waves in a uniform background
magnetic field. The parametric decay of
large amplitude Alfve´n waves could there-
17
Fig. 7.— Flatness factor F(ℓ) of density fluctuations, obtained from numerical simulation,
as a function of the spatial scale ℓ. Different curves correspond to different times during the
simulation, as reported in the legend. The unit time is the Alfve´n time, namely the time it
takes an Alfve´n fluctuation to cross the simulation domain.
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fore play a relevant role in the radial evolu-
tion of solar wind turbulence, representing
the candidate mechanism able to explain
the observations described in this study.
Parametric instability drives an out-
ward large amplitude Alfve´n wave to de-
cay into an inward Alfve´n mode at smaller
wave vector and a compressive wave prop-
agating in the same direction of the pump
wave. The observed spectral flattening
(Tu et al. 1989) and the subsequent spec-
tral steepening with radial distance is com-
patible with the progressive saturation of
parametric decay mechanism during the
solar wind expansion.
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